The extracellular matrix (ECM) plays an important role in determining cell and organ function: (1) it is an organizing substrate that provides tissue tensile strength; (2) it anchors cells and influences cell morphology and function via interaction with cell surface receptors; and (3) it is a reservoir for growth factors. Alterations in the content and the composition of the ECM determine its physical and biological properties, including strength and susceptibility to degradation. The ECM components themselves also harbor cryptic matrikines, which when exposed by conformational change or proteolysis have potent effects on cell function, including stimulating the production of cytokines and matrix metalloproteinases (MMPs). Collectively, these properties of the ECM reflect a dynamic tissue component that influences both tissue form and function. This review illustrates how defects in ECM synthesis and metabolism and the physiological process of ECM turnover contribute to changes in the fetal membranes that precede normal parturition and contribute to the pathological events leading to preterm premature rupture of membranes (PPROM).
Introduction
Reproduction requires dramatic remodeling of tissues associated with critical events in procreation including ovulation, menstruation, implantation, placentation, parturition, uterine, and cervical repair following delivery. The remodeling and repair processes affect both cells and the surrounding extracellular matrix (ECM). Dynamic changes in the ECM result in alterations in the composition of the stroma, which in turn can influence cellular function mediated through membrane receptors that recognize specific ECM components, or through the sequestration or release of growth factors, particularly members of the transforming growth factor (TGF) family, which are known to play key roles in reproduction. [1] [2] [3] The unique attributes of major ECM proteins also influence the stability of the ECM, and therefore can be a factor leading to adverse events including abnormal placentation, preterm premature rupture of membranes (PPROM), cervical insufficiency, uterine rupture, and pelvic organ prolapse. [4] [5] [6] [7] [8] [9] [10] Extracellular matrix metabolism also plays an important role in other pathological conditions of the reproductive tract including uterine fibroids, endometriosis, and gynecologic malignancies. 2, 3, [11] [12] [13] The synthesis and catabolism of ECM are tightly controlled through growth factors and cytokines, as well as through the expression of chaperone proteins, and activators and inhibitors of proteolytic enzymes. [14] [15] [16] [17] When turnover of ECM occurs, besides removal of specific components, enzymes that catabolize ECM expose or release bioactive fragments that have actions that are distinct from the parent proteins, and influence cells via different signaling pathways than those used by the parent molecule. 15, 17 This review describes recent advances in the understanding of ECM structure and metabolism that are relevant to the process of normal and abnormal parturition, focusing on fetal membrane rupture, which is a leading cause of preterm birth. 5 
Collagen Composition and Structure
There are 28 different types of collagen that share common features in that they are trimeric molecules composed of a chains encoded by distinct genes. 15, 18, 19 At least 1 trimer region of the a chains consists of a triple helical structure, resulting from repeating triplets in the a chains containing glycine at every third residue. Triple helical regions of the collagen molecules are flanked by noncollagenous (NC) domains that lack the glycine-containing tripeptides. The NC domains of several collagens contain ''cryptic'' signaling molecules that are released upon proteolysis. The investigation of the different types of collagens present in reproductive tissues, particularly those which undergo extensive remodeling, and in which tissue integrity is important for normal reproduction, has been relatively limited.
The fibrillar collagens (types I, II, III, V, XXIV, and XXVII) differ with respect to their susceptibility to cleavage by matrix metalloproteinases (MMPs). 15, 18, 19 For example, type III collagen is more efficiently cleaved by MMP-1 than type I collagen. Type V collagen is resistant to most collagenases, except the gelatinases MMP-2 and MMP-9 and a limited number of other enzymes.
The trimeric collagen molecules can be composed of 3 identical a chains as in the case of type II collagen, or they can be heterotrimeric as in the case of types I and V collagens. The composition of the a chains has a profound influence on the properties of the collagen molecules. An example of how a chain composition influences collagen stability is found in type I collagen, which is composed of 2 different a chains, a1(I) and a2(I). Homotrimers of a1(I) have been identified in animal fetal tissue, fibrotic tissue, and cancers. 20 This form of type I collagen is resistant to degradation by MMP-1 compared to the type I collagen a1(I)/a2(I) heterotrimer. The relative resistance to MMP-1 degradation appears to be due to greater stability and less efficient unwinding of the homotrimer triple helix.
The fibrillar collagen molecules are assembled into fibrils, which are responsible for the tensile strength of tissues. 15, 18, 19 The size of the fibrils is determined by the actions of type V collagen, which copolymerizes with types I and III collagens and proteoglycan molecules. Other collagens associate with these fibrils (types IX, XII, and XIV collagens), and others form networks (types IV, VI, VII, VIII, and X collagens) in basement membranes. Some collagens are transmembrane molecules (types XIII, XVII, XXIII, and XXV collagens), which can be shed from the cell surface as soluble forms.
Extracellular matrix proteins influence cell morphology behavior by signaling through cell surface receptors. ''Matrikine'' subdomains in these proteins function in the native ECM molecules or they are exposed (cryptic matrikines or matricryptins) by a conformational change or released as a result of proteolytic processing, mainly by MMPs. 15, 17 The prototypic cryptic matrikines are derived from the NC domains (NC1 domains) of collagen IV a1(IV)/a2(IV)/a3(IV) chains (arresten, canstatin, and tumstatin, respectively), collagen XV (restin), and collagen XVIII (endostatin).
ECM Structure and Metabolism in Fetal Membranes
It has been hypothesized that fetal membrane rupture involves a sequence of events that starts with distension and loss of elasticity, separation of the chorion and amnion, disruption of the chorion, distension and herniation of the amnion, and finally amnion rupture. 21 This proposed sequence of events appears to be the result of structural alterations in ECM with resulting biomechanical changes in the membranes, primarily the amnion, which is the strongest component of the fetal membranes. 5, 22 Since cervical insufficiency is often associated with PPROM, it is likely that preterm cervical changes facilitate the unscheduled rupture of membranes in PPROM.
Composition of the Fetal Membrane ECM
The human fetal membranes are one of the better studied reproductive tissues with respect to ECM composition. The content of the ECM molecules in the membranes is determined by the rates of synthesis and deposition and rates of degradation. Despite the large number of ECM molecules that are known, existing studies have focused mainly on the common fibrillar and basement membrane collagens (types I, II, III, IV, and V) and well-known ECM molecules such as fibronectin, hyaluronan, biglycan, and decorin. Other components important to ECM structure, like tenascin-c, the matrilins, and osteonectin/SPARC, have been sparingly studied.
The fetal membranes are a viscoelastic avascular tissue comprising several morphologically distinct layers (Figure 1 ). 5 The layer nearest the fetus is composed of amnion epithelial cells which rest on a basement membrane containing IV collagen and NC glycoproteins. Beneath the basement membrane lies the compact layer composed of types I, III, and V collagens secreted by the mesenchymal cells in the fibroblast layer. The spongy layer lies below the fibroblast layer, consisting of proteoglycans and glycoproteins and type III collagen. It separates the amnion from the chorion and allows the amnion to slide on the underlying chorion. The chorion layer contains cytotrophoblasts embedded in a matrix of types IV and V collagens. It firmly adheres to the uterine decidual tissue.
The biomechanical properties of the fetal membranes have been characterized, providing an opportunity to relate biochemical composition to function. [23] [24] [25] [26] [27] The biomechanical parameters examined include testing of tensile strength by pulling the membranes apart while monitoring forces and strains; characterizing burst, by applying increasing pressure to a piece of membranes until the tissue fails; and puncture testing, in which a probe displaces the central portion of a membrane, while force is quantified.
The distribution of ECM components, including the collagen types I, III, IV, V, and VI, in term human fetal membranes has been examined by immunohistochemistry techniques. 28, 29 Types I and III collagens were found in most of the layers of fetal membranes, except in the chorion trophoblast layer. Fibronectin, laminin, and types I and IV collagens are located in a network of ECM which encapsulates cells of the cytotrophoblasts in the chorion. Type V collagen was found in the reticular and in the trophoblast layers as well. Type VI collagen was mainly found in the amnion and the reticular layer. Fibulins 1, 3, and 5 were found in the amnion, and their abundance is reduced in amnion weak zone relative to other regions. 30 Mesenchymal cells are the site of collagen synthesis and processing in the amnion. Procollagen a1(I), a2(I), and a1(III) messenger RNA (mRNA) abundance is greatest in amnion mesenchymal cells, with negligible amounts found in amnion epithelial cells. 31, 32 Synthesis of types I and III collagens is also minimal in amnion epithelial cells, whereas large amounts are produced by mesenchymal cells. Levels of procollagen a1(I), a2(I), and a1(III) subunit mRNAs, and the specific activities of the enzymes prolyl 4-hydroxylase and lysyl hydroxylase, which are required for collagen synthesis, are greatest in early gestation amnion, decreasing after the 12th to 14th weeks of gestation to a nadir persisting until term. The density of mesenchymal cells in human amnion declines after the first trimester of pregnancy. Therefore, the increase in the ratio of epithelial to mesenchymal cells as a function of gestational age may explain the decline in the levels of collagen mRNAs and the specific activities of lysyl and prolyl hydroxylases in the amnion.
Proteoglycans are important NC components of the fetal membranes. Biglycan, a small leucine-rich proteoglycan, binds to fibrillar collagen and several growth factors. Decorin, another proteoglycan with 55% homology to biglycan, associates with a number of matrix molecules and TGF-b1. Decorin is involved in collagen fibrilogenesis, whereas biglycan and hyaluronan disrupt collagen. 33 Large amounts of hyaluronan, a high-molecular-weight nonsulfated glycosaminoglycan composed of polymeric disaccharides of D-glucuronic acid and N-acetyl-D-glucosamine, are found in the amnion and in the decidua in association with parturition. 34 As discussed below, alterations in the ECM content and composition of the fetal membrane are mediated in part by the action of matrix degrading enzymes, particularly members of the MMP family, zinc-containing metalloenzymes that act on specific substrates, including the fibrillar and basement membrane collagens ( Table 1) . 35 
Changes in ECM Content and Composition During Pregnancy
Biochemical and mechanical properties of fetal membranes from 23 to 41 weeks of gestation, and membranes that rupture prematurely, have been characterized. [23] [24] [25] [26] [27] 36, 37 In some studies, collagen content is reported to be decreased in PPROM. 36 In PPROM samples, the ratios of type III/type I, type III/type V, and type III/total collagen were significantly lower than in non-PPROM samples. The ratios of type I/type V, type I/total collagen, and type V/total collagen showed no change in gestations with and without PPROM. These alterations in fetal membrane ECM reflect changes in component synthesis and turnover. Evidence that the latter is important has been derived from animal studies, which revealed induction of MMPs in the fetal membranes or increases in levels in amniotic fluid associated with normal parturition (Figure 2 ).
Membrane strength, reflected by rupture force and work to rupture, declines with increasing gestational age in both weak and strong regions of the membranes. The decline in strength is most dramatic after 38 weeks of gestation. The amnion and chorion are also thinner in the weak areas compared to the strong areas. 38 In membranes prior to labor, the biglycan concentration in amnion overlying the cervix is 40% lower than in the mid-zone amnion. After delivery the cervical amnion shows a 2-fold increase in biglycan and a 50% decrease in decorin concentrations. 34 A recent report described preterm birth in mice lacking both decorin and biglycan, indicating that deficiencies in these matrix components can contribute to prematurity. 39 The amnion and choriodecidua show varying degrees of separation. Increased separation and decreased adherence are seen both with increasing gestational age and with labor. This separation of the membranes is associated with the formation of a hyaluronan-rich gelatinous substance. 21, 34, 40 It has been assumed that common biochemical mechanisms are involved in the rupture of the fetal membranes at term and pathological preterm rupture. However, these biochemical changes are likely triggered by different events in the setting of normal parturition versus unscheduled rupture associated with preterm birth, although a final common pathway of matrix degradation involving MMPs, apoptosis, and structural weakening of the membranes may be involved.
It has become evident that the biochemical and structural changes take place in a restricted area of the membranes, generally in the portion overlying the cervix. This may reflect the consequences of several different independent factors. Among these are physical forces (ie, distension or stretch) resulting in biochemical responses. 41 This is consistent with the observations that stretch affects the expression of ECM genes and MMPs in other tissues. Microbes ascending the reproductive tract can trigger inflammatory responses resulting in the production of endogenous matrix degrading enzymes, or the microbes may produce their own matrix degrading proteases. Theoretically, a regional ''clock'' in the fetal membranes may entrain a biochemical sequence, or the process of rupture may be initiated by factors (eg, hormones or cytokines) derived from the fetus, placenta, or lower uterine segment (cervix).
Focal Changes in Fetal Membrane Composition, Structure, and Cell Function
A zone of extremely altered morphology, characterized by swelling and disruption of the connective tissue, thinning of the trophoblast layer, probably related to a regional increase in trophoblast apoptosis, and thinning or absence of decidua, has been identified in the fetal membranes at the rupture site in Table 1 . Matrix metalloproteinase substrates.   MMP  1  2  3  7  8  9  10  11  12  13  14  16  18  19 26
The symbols indicate whether the indicated protein is a known (þ) or is not (À) digested by the indicated MMP. Modified from Sternlicht and Werb, Annu Rev Cell Dev Biol. 2001; 17: 463-516. 35 term pregnancies and in PPROM. [42] [43] [44] [45] [46] [47] [48] [49] The morphological features of the zone of extremely altered morphology correlate with structural weakness. These features are seen in fetal membranes at term in the region overlying the cervix. Because of the focal nature of these alterations, care must be taken in the interpretation of studies that do not carefully define the regions of the fetal membranes analyzed. The mean rupture strength within these zones is reported to be 60% of the remaining membranes. A loss of lattice-like arrangement in the organization of collagen is seen near the rupture site. 50 There is an increase in fibril spacing and a 50% decrease in fibrillar organization. The weak zones overlying the cervix also have increased MMP-9 ( Figure 3 ), increased levels of certain transcription factors, and transcriptional pathways including NF-kB, Fox03, and Fox04, which regulate genes involved in inflammation, ECM remodeling and apoptosis, increased poly (ADP-ribose) polymerase I cleavage (a marker of apoptosis), decreased tissue inhibitor of metalloproteinase 3 (TIMP-3), and histological features consistent with remodeling and cellular apoptosis. [47] [48] [49] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] Apoptotic cell death is seen in both the amnion and chorion in normal term membrane rupture as well as in PPROM. The increase in MMP-9 levels associated with amnion cell apoptosis mirrors what is seen in the rat amnion as labor approaches. [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] It is likely that ECM catabolism initiates the apoptotic process, since forced expression of MMP-9 provokes apoptosis in organ cultures of rat amnion and inhibitors of MMPs prevent apoptotic cell death in the presence of MMP-9 expression. 60 In addition, apoptotic cell death and the subsequent release of cellular ''danger'' signals (eg, the heat shock proteins Hsp60, Hsp70, and Hsp90 and high-mobility group box 1 [HMGB1]) that activate toll-like receptors could induce MMP expression and activation reinforcing the catabolism of ECM. 63 Additionally, hormones may modulate cell survival since progesterone inhibits fetal membrane cell apoptosis triggered by tumor necrosis factor-a (TNF-a). 64 
Genetic Factors

Synthesis of ECM
The risk of preterm birth is influenced by a variety of factors including genetics, environment, and social context. The strongest evidence for a genetic contribution to preterm birth associated with PPROM derives from the phenotype of pregnancies associated with genetic defects in collagen synthesis that affect the structure and function of fibrillar collagens and other key proteins involved in matrix metabolism. 65 Ehlers-Danlos syndrome (EDS) is a heterogeneous group of diseases in which collagen synthesis is affected. The prevalence for all types of EDS is estimated to be 1 in 5000, and all racial/ethnic group backgrounds are affected equally.
Autosomal dominant forms of the disorder, which includes EDS types I and II (classical type) and EDS type IV (vascular type), impair production of fibrillar collagens. Ehlers-Danlos syndrome types I and II involve mutations in COL5A1 (9q34-q34.3) and COL5A2 (2q14-q32), which encode a chains in type V collagen, and EDS type IV is caused by mutations in COL3A1 (2q31). When the fetus is affected by these mutations there is a 40% to 58% risk of PPROM, far exceeding the risk in the normal population.
Mutations resulting in a nonfunctional COL5A1 allele, leading to haploinsufficieny of type V collagen, or mutations that result in a structural alteration in the type V collagen proteins are among the more common causes of classical EDS. Mutations in the COL3A1 gene causing type IV (vascular) EDS encompass multiple exon deletion, skipping of a single exon or a point mutation resulting in the substitution of a glycine by another amino acid. Mutations in the COL1A1 and COL1A2 genes that cause the rare forms of EDS, type VIIA and B and type II osteogenesis imperfecta, are associated with preterm birth and PPROM. 65 Interestingly, other forms of osteogenesis imperfecta caused by mutations in the type I collagen gene are not associated with the markedly increased risk of PPROM as those disorders in which COL3A and COL5A genes are mutated. This may reflect the impact of specific mutations on the organization of the ECM, the impact on cellular function, including the production of matrix degrading enzymes, and the susceptibility of the ECM components to degradation.
Restrictive dermopathy, a rare and lethal genetic disorder inherited in an autosomal recessive pattern, has clinical features that include intrauterine growth retardation, shiny, tight, and rigid skin with prominent vessels, enlarged fontanels, multiple joint contractures, and characteristic facial features. 65 Affected pregnancies generally end in preterm deliveries as a result of PPROM. Polyhydramnios is reported as a complication as well as chorioamniotic membrane separation, both of which could contribute to PPROM.
The precise cause of premature rupture of membranes in restrictive dermopathy is uncertain, but abnormal collagen structure and absence of or reduction in elastic fibers in the fetal membranes may be contributing factors. Mutations in the ZMPSTE24 gene, which encodes a zinc metalloproteinase essential for lamin A maturation, have recently been identified in some cases of restrictive dermopathy. Accumulation of prelamin A in the nuclear envelope results in abnormalities in nuclear architecture, which may affect gene expression.
Polymorphisms in genes encoding ECM proteins have been associated with PPROM. 66 Haplotypes of COL4A3 singlenucleotide polymorphisms (SNPs) in the mother were associated with PPROM. A multilocus analysis of the same population identified a 3-locus model, which included maternal SNPs in COL1A2 and the genes encoding defensin-a 5 and endothelin 1. Interestingly, Hermanns-Lê et al. reported changes in the dermal collagen architecture similar to those found in patients with EDS and suggested a link between recurrent PPROM and connective tissue abnormalities. 67 SERPINH1 encodes heat-shock protein 47, a chaperone essential for the proper folding of collagen molecules and prevention of their aggregation in the endoplasmic reticulum. 68, 69 The essentiality of this chaperone for collagen synthesis is reflected in embryonic lethality in mice lacking the protein, and rare cases of SERPINH1 mutations causing a recessive form of osteogenesis imperfecta. 70 The promoter of the SERPINH1 gene contains a number of polymorphisms, some of which are functional. The À656 promoter SNP minor T allele has a greater frequency in African populations and African Americans than in European Americans. 71 The À656 T allele also displays significantly reduced promoter activity compared to the major À656 C allele when studied in the context of amnion fibroblasts but not adult skin fibroblasts or uterine smooth muscle cells where the promoter activity is increased. This suggests a unique transcriptional control of the SERPINH1 gene in extraembryonic fetal tissues. An initial case-control study demonstrated that the SERPINH1 -656 T allele is significantly more frequent in African American neonates born from pregnancies complicated by PPROM compared with controls. A follow-up case-control study gave similar results. The combined case-control findings showed a highly significant association between the À656 T allele and PPROM. The SERPINH1 À656 T allele represents an example of an ancestry-selective marker associated with preterm birth in African Americans.
A 12-bp deletion NT_033927.7: g.5495364_5495375del in the SERPINH1 gene promoter that increases promoter activity was also discovered. 72 The 12-bp deletion is in linkage disequilibrium with the minor "T" allele of the À656 C/T SNP that reduces the promoter activity in amnion fibroblast cells and is associated with a significantly increased risk of preterm birth as a result of PPROM. In a case-control study, fetal carriage of the 12-bp deletion was found to protect against PPROM, apparently overcoming the influence of the SER-PINH1 À656 minor T allele.
Degradation of ECM
There is substantial evidence for the expression of matrix degrading enzymes and factors that inhibit matrix degrading enzyme activity in human fetal membranes, and an expression pattern that suggests their involvement in normal and pathologic membrane rupture. [58] [59] [60] [61] [73] [74] [75] [76] [77] [78] [79] [80] [81] Most attention has been focused on gelatinases, MMP-2, and MMP-9. These enzymes degrade type V collagen as well as basement membrane collagens (type IV), which may be important for the maintenance of viability of the amnion epithelial cells. Increased expressions of these enzymes, but mainly increases in MMP-9, have been found by numerous authors to be associated with normal term rupture as well as PPROM. Matrix metalloproteinase 8, which is expressed by chorion trophoblast cells, and MMP-1, expressed by amnion mesenchymal cells, have also been implicated in fetal membrane rupture. These enzymes represent appealing candidate genes for PPROM, and the analysis of genetic variation that influences either the level of expression or activity of these enzymes has yielded positive associations with PPROM risk.
The variants associated with PPROM described to date are all promoter variants that are associated with increased promoter function. These have been found in genes that degrade fibrillar collagens including MMP1 (types I, II, and III collagens), MMP8 (types I, II, and III collagens), and MMP9 (type V collagen). [82] [83] [84] Matrix metalloproteinase 1 catalyzes the initial step in the degradation of fibrillar collagens. A polymorphism at À1607 in the MMP1 promoter (an insertion of a guanine [G]) creates a core Ets-binding site and increases the promoter activity. The 2G promoter has >2-fold greater activity than the 1G allele in amnion mesenchymal cells. Phorbol 12-myristate 13-acetate (PMA) treatment increases MMP-1 mRNA expression to a significantly greater extent in amnion mesenchymal cells with a 1G/2G or 2G/2G genotype compared with cells homozygous for the 1G allele. When treated with PMA, the 1G/2G and 2G/2G cells produced greater amounts of MMP-1 protein than 1G/1G cells. A significant association was found between fetal carriage of a 2G allele and PPROM, indicating that the 2G allele, which has stronger promoter activity in amnion mesenchymal cells, confers increased responsiveness of amnion cells to stimuli that induce MMP-1, and that this polymorphism contributes to the risk of PPROM. Interestingly, the Ets-1 transcription factor is upregulated in fetal membranes at rupture (both term and preterm), which would reinforce the impact of the 2G variant on MMP1 expression. 85 Matrix metalloproteinase 8, an enzyme that also degrades fibrillar collagens imparting strength to the fetal membranes, is expressed by leukocytes and chorionic cytotrophoblast cells. Single nucleotide polymorphisms at À799C/T, À381A/G, and þ17C/G from the major transcription start site have functional significance. 83 The minor alleles þ17 (G) and À381 (G) are in complete linkage disequilibrium. A promoter fragment containing the 3 minor alleles has a 3-fold greater activity in chorion-like trophoblast cells (BeWo, JEG-3, and HTR-8/ SVneo) compared with the major allele promoter construct. A case-control study of African American neonates using allele-specific primers revealed a statistically significant association between the 3 minor allele haplotype, which displays the highest MMP8 promoter activity in trophoblast cells, with PPROM. None of the minor alleles were individually associated with PPROM.
Fetal membrane rupture is associated with increased expression of MMP-9. The functional significance of variable number of tandem repeats in the MMP9 gene on promoter activity and association with PPROM has been reported. 84 The 14 CArepeat allele was a stronger promoter than the 20 CA-repeat allele in amnion epithelial cells. An SNP at À1562 did not significantly affect promoter activity. A case-control study of African American neonates revealed that the 14 CA-repeat allele was more common in newborns delivered after PPROM than in those delivered at term.
Proteins that inhibit the activity of MMPs have also been implicated in preterm birth resulting from PPROM. A maternal SNP in TIMP2, which encodes an endogenous inhibitor of MMPs, was significantly associated with PPROM. 66 Although the studies reviewed above suggest roles for specific genes in the risk of PPROM, they suffer in most instances from a lack of replication, and critical assessment of the potential confounding effects of population stratification, a major issue when heterogeneous populations like African Americans are studied. Moreover, as discussed below, environmental factors are quite important in the pathophysiology of preterm birth and there have been few studies in which candidate gene-environment interactions have been assessed.
Environmental Factors
Interactions between genes and the environment are important to the pathophysiology of preterm birth. 86 Among the many environmental factors that are thought to play a role in prematurity related to PPROM are nutrition, smoking, and infection. 5
Nutrition
Vitamins play an essential role in ECM metabolism. Vitamin C is a cofactor for lysyl hydroxylase, a key enzyme involved in collagen synthesis, and vitamin C deficiency affects ECM production. Women whose pregnancies are affected by PPROM have reduced intake of vitamin C or plasma vitamin C levels in some studies, and vitamin C supplementation in a high-risk population reduces PPROM. 87, 88 Although these findings suggest that nutritional status can influence the risk of PPROM, epidemiological studies and nutritional intervention did not establish that vitamin C influenced the risk of PPROM as a direct result of the ECM content of the fetal membranes. However, study of PROM membranes revealed a reduced ascorbic acid and collagen concentrations in prelabor ruptured membrane compared to term membranes. Resistance to proteolysis in vitro was reduced in the prelabor ruptured membranes as well. 89 Two sodium-dependent membrane transporters encoded by SLC23A1 and SLC23A2 play key roles in human vitamin C metabolism, including dietary uptake, reabsorption, and tissue distribution. An analysis of maternal haplotypes in SLC23A1 and individual SNPs in SLC23A2 revealed an association with the increased risk of preterm birth, including women with premature rupture of membranes. The strongest association was with an intron 2 variant in SLC23A2, with heterozygotes and homozygotes for this variant having a 1.7-fold and 2.7-fold increased risk of spontaneous preterm birth, respectively. 90 While the studies noted above suggest a role of maternal vitamin C status and PPROM, other reports demonstrate that the relationship is complex and may only be evident in states of vitamin C deficiency.
Maternal supplementation with vitamins C and E beginning at 9 to 16 weeks of gestation in nulliparous women at low risk does not reduce spontaneous preterm births. The rates of PROM and PPROM were increased in women receiving vitamin C (1 g/d) and vitamin E (400 IU/d) in a secondary analysis of a preeclampsia prevention trial. The antioxidant vitamins did not modify fetal membrane rupture strength, work to rupture, or MMP-9 protein or activity either within or outside the term fetal membrane physiological weak zone. 91, 92 Collectively, the existing literature leaves open the possibility that vitamin C deficiency increases PPROM risk, but that supplemental vitamin C does not have benefit in populations that have adequate vitamin C intake.
Other dietary compounds may influence the risk of PPROM. a-lipoic acid, an antioxidant found in the human diet, inhibits proinflammatory cytokine-induced and thrombin-induced weakening of fetal membrane preparations in an in vitro system. 93, 94 Tumor necrosis factor-a-induced MMP-9 expression and production of prostaglandin E2 were also prevented by a-lipoic acid treatment.
Smoking
Cigarette smoking is associated with PPROM. 95 It has been hypothesized that exposure of fetal membranes to cigarette smoke components induces oxidative stress and apoptotic cell death. When fetal membrane explants collected at term were stimulated with cigarette smoke extract F2-isoprostane, a biomarker of oxidative stress, was increased. 96 There was also a dose-dependent decrease in the expression of the antiapoptotic protein, Bcl2, and increases in the death effectors, active caspase 3, in association with nuclear DNA fragmentation in both amnion and chorion cells compared to control preparations. It was concluded that the smoke extract-induced pathway also increases proteolysis and results in membrane weakening.
Infection/Inflammation
Inflammation, particularly inflammation induced by microbial infection, is commonly associated with preterm birth and PPROM. 5, 7, 34, [97] [98] [99] Alterations in the fetal ECM structure and integrity are influenced by the endogenous host response, which includes the elaboration of proinflammatory cytokines, like TNF-a and interleukin 1b (IL-1b) that induce the production of endogenous ECM degrading MMPs. In addition, the invading microbes may produce their own matrix degrading enzymes, including collagenases, that act on the host ECM proteins. 100 Endogenous matrix degrading enzymes and those derived from microbes can expose or release cryptic matrikines that reinforce the inflammatory process.
Epigenetic Factors and Non-Coding RNAs
Gene expression is regulated by alterations in chromatin structure resulting from modification of DNA by methylation of cytosines or from modification of histone proteins (acetylation, methylation, phosphorylation). Genetic variation in the MMP1 promoter is associated with PPROM. Inhibition of DNA methylation with 5-aza-2'-deoxycytidine in amnion fibroblasts resulted in significantly increased MMP1 gene transcription, and an associated significant increase in MMP1 production. 101 These effects were correlated with reduced DNA methylation at a particular site (À1538) in the MMP1 promoter. DNA methylation at this site in the amnion was reduced in a larger percentage of fetal membranes that ruptured prematurely. A T>C SNP (AF007878.1 [MMP1]: g.3447T>C) in the MMP1 promoter was also identified. The minor C allele was always methylated in vivo, and when methylated, resulted in increased affinity for a nuclear protein in amnion fibroblasts. The minor C allele had reduced promoter activity as assessed by plasmid transfection studies and chromatin immunoprecipitation assays using amnion fibroblasts heterozygous for the T>C SNP. In a case-control study, the minor C allele was found to be protective against PPROM, consistent with its reduced promoter function. These observations suggest that in addition to genetic variation, DNA methylation plays a role in controlling MMP1 expression and risk of an adverse obstetrical outcome.
Noncoding RNAs (microRNAs) could regulate ECM metabolism in the fetal membranes. MicroRNA control of matrix synthesis and metabolism have not been explored in the amnion and chorion, although microRNA profiles have been reported. 102 
Matrikines
Collagen-Derived Matrikines
As noted above, biologically active domains are exposed or released by proteolysis from collagens, including molecules involved in angiogenesis and tumor growth. 15, 17 The role of the collagen-derived factors (eg, endostatin) in reproduction has not been extensively investigated, specifically their roles in preterm birth and PPROM.
Fibronectin-Derived Matrikines
Fibronectin is a dimeric glycoprotein found in the basement membrane. 103 It binds to collagen and proteoglycans. There are up to 20 different isoforms of fibronectin that are the result of alternative RNA splicing of exons encoding 2 extra domains (A and B; EDA and EDB, respectively) and a connecting segment (IIICS; Figure 4A ). The predominant circulating form of fibronectin, mainly derived from the liver, lacks 3 domains. Fibronectin molecules containing these domains are referred to as ''oncofetal fibronectins'' since they are present during fetal development but also produced in response to inflammation and by cancer cells. 103, 104 Increased levels of oncofetal fibronectin in cervical fluid are associated with preterm birth, possibly a reflection of inflammation, and oncofetal fibronectin has been used as a clinical biomarker for preterm birth. 105 In addition to intact oncofetal fibronectin, which is a dimmer of monomers of 250 000 molecular weight, analysis of cervical fluid in Western blotting using a monoclonal antibody to EDA demonstrates that smaller fragments of oncofetal fibronectin containing the EDA domain are present in vivo ( Figure 4B ).
Fibronectin influences cell morphology by binding to a number of different integrins. 101 However, there is emerging evidence that the EDA domain of fetal fibronectin can activate signaling cascades that are different from those mediated by integrins, including the toll-like receptors (TLRs) that mediate cellular responses to infection and tissue damage. Recombinant EDA, but not intact oncofetal fibronectin, was shown to stimulate MMP-9 production by THP-1 cells, a human acute monocytic leukemia cell line ( Figure 5 ). 106 Recombinant fibronectin domains III 1 C and III 11 did not activate THP-1 cell MMP-9 production, and recombinant EDB had only a modest stimulatory effect, revealing the specificity of the response to recombinant EDA. Moreover, the effects of recombinant EDA were not blocked by polymixin B, an antibiotic that binds bacterial lipopolysaccharide (LPS) and prevents it from activating TLR 4 (TLR-4) or the LPS antagonist, E5331. Recombinant EDA, but not other recombinant fibronectin domains, activated human TLR-4 expressed in HEK 293 cells. Recombinant EDA stimulation of TLR-4 was dependent upon the coexpression of MD-2, a TLR-4 accessory protein. Unlike LPS, the activity of EDA was heat sensitive and persisted in the presence of polymyxin B, and a potent LPS antagonist, E5564, which completely suppressed LPS activation of TLR-4. Finally, EDA was not able to activate splenocytes from mice lacking TLR-4 (C3H/HeJ mice) but could in the companion TLR-4-expressing mice (C3H/HeN).
Subsequent studies demonstrated that the EDA domain stimulates mast cells and polymorphonuclear leukocytes and monocyte suspensions via activation of TLR-4. 107, 108 In mice producing fibronectin lacking the EDA domain, it was found that fibrotic resolution of lung injury through TGF-b activation and responsiveness was impaired, suggesting that EDA-containing fibronectin plays a critical role in tissue fibrogenesis. 109 Collectively, these findings suggest that the EDA domain of fibronectin is a cryptic matrikine, released by proteolysis, that is perceived as an endogenous ''danger'' signal an alarmin in the setting of PPROM, or part of a choreographed sequence of biochemical events in normal term pregnancy.
Glycosaminoglycan-Derived Matrikines
Like fetal fibronectin, the ECM glycosaminoglycan, hyaluronan, is produced after tissue injury and levels of hyaluronan are increased in the fetal membranes at rupture. 34, 110 Hyaluronan is a high-molecular-weight polymer of !1000 kDa. Fragments of hyaluronan (<500 kDa) are typically produced at sites of inflammation. In vitro studies demonstrated that these fragments can activate cells via TLRs, resulting in an upregulation of expression of matrix metalloproteases (eg, MMP-9, MMP-10, and MMP-13) and cytokines (eg, IL-1b and TNFa). 111, 112 In some systems, both TLR-4 and TLR-2 are required for in vitro and in vivo responses to hyaluronan fragments.
Cryptic Matrikines and a Feed-Forward Mechanism for Parturition
The demonstration that 2 ECM components of the fetal membranes, fetal fibronectin and hyaluronan, harbor cryptic matrikines is consistent with the role of the innate immune system in monitoring both exogenous and endogenous ''danger'' signals. Both TLR-2 and TLR-4 are expressed in the fetal membranes and placenta where they could respond to the matrikines released from fetal fibronectin and hyaluronan. While the danger theory can be invoked in pathological situations, it can also have an important role in physiological events. The process of fetal membrane rupture and the ripening of the cervix in preparation for parturition both entail significant remodeling of the ECM and apoptotic cell death, mediated in part by proteolytic enzymes and the production of proinflammatory cytokines. The reenforcement of tissue remodeling through induction of MMPs and proinflammatory cytokines by once fetal fibronectin fragments containing EDA and small hyaluronan fragments Figure 5 . Induction of gelatinase expression in cultured THP-1 cells exposed to the indicated recombinant His-tagged fibronectin domains. The THP-1 cells (5 Â 10 5 cells/well) were either untreated (control) or treated with 1 mM of different recombinant fibronectin type III repeats, poly-L-histidine, or cellular fibronectin (CFN) for 48 hours. A, Gelatinase activities released from THP-1 cells analyzed using gelatin zymography. B, MMP-9 in conditioned medium measured by ELISA and expressed as the mean + SD from triplicate cultures. MMP indicates matrix metalloproteinase; ELISA, enzyme-linked immunosorbent assay; SD, standard deviation. Reprinted from Okamura et al. 105 through TLRs may facilitate normal human parturition. The same signaling pathways, when activated by exogenous molecules like bacterial LPS, could result in unscheduled fetal membrane rupture or cervical changes leading to preterm birth. This feedforward mechanism could also be at work in the cervix and lower uterine segment and consequently be a general process in parturition.
